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Pr2Fe17H5 is an interesting compound where isolated hexagons formed by the tetrahedral sites of the host
metal lattice are filled with hydrogen atoms. A localized jump diffusion of hydrogen atoms in Pr2Fe17H5 over
the vertices of the hexagons is observed using quasielastic neutron scattering. The hydrogen hopping occurs
despite the repulsive interaction due to the presence of two hydrogen atoms per hexagon. The residence time
of hydrogen atoms between jumps follows an Arrhenius-type law with an activation energy of 0.14 eV. The
hydrogen atoms in the octahedral sites are found to be immobile on the time scale of the measurement.
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I. INTRODUCTION

Most of the R2Fe17 compounds are ferromagnetic with
moderate Curie temperatures. Insertion of light elements, in
particular, hydrogen, leads to dramatic changes in the mag-
netic properties of these materials. HydrogenatedR2Fe17
compounds show a spectacular increase in Curie temperature
and magnetization, which have made them attractive candi-
dates for hard magnet materials.1–3 In this work, we use neu-
tron scattering to investigate the dynamics of hydrogen in
Pr2Fe17H5. The interesting magnetic properties of this com-
pound have been the subject of several studies.4–7 Similar to
other R2Fe17 compounds with the lighter rare-earth atoms,
Pr2Fe17 crystallizes in the Th2Zn17 rhombohedralR-3 m
structure.8 While the host metal structure is retained, hydro-
gen insertion is accompanied by an anisotropic increase of
the lattice parameters. In the course of hydrogenation, the
first three hydrogen atoms fully occupy the interstitial 9e
distorted octahedral sites, with four Fe atoms and two Pr
atoms at the corners.9 In Pr2Fe17Hx with x.3, in addition to
the octahedral sites, hydrogen atoms partially occupy inter-
stitial 18g tetrahedral sites, with two Fe atoms and two Pr
atoms at the corners.8 Based on the structural refinement data
at 300 K,8 the tetrahedral sites in the basal plane can be
viewed as arrays of isolated hexagons, with a side dimension
of <1.16 Å, and a separation between the hexagons’ centers
of <8.70 Å equal to the lattice constanta (see Fig. 1). The
small size of the hexagons may explain why the maximum
hydrogen uptake corresponds tox=5. In this case, one-third
of the available 18g tetrahedral sites in Pr2Fe17H5 are occu-
pied. According to Switendick’s empirical criterion,10 the
minimum attainable H-H separation in ordered metal hy-
drides is<2.1 Å, an effect which is ascribed to a repulsive
interaction. A recently found exception is a series ofRNiIn
hydrides (R=La,Ce,Nd), where short separations between
pairs of H atomss1.562–1.635 Åd have been attributed to
the reduction of the repulsive interaction due to polarization
of the electron distribution at the H sites towardR and In
atoms.11,12 It is proposed by Isnardet al.3 that two hydrogen

atoms occupy two diametrically opposite vertices of the
hexagons in Pr2Fe17H5. This is because all but the opposite
vertices of these hexagons, which possess a side dimension
of 1.16 Å, are too close to accommodate a pair of hydrogen
atoms. Since hydrogen is very mobile, it can be expected that
the hydrogen atoms jump between the available sites com-
prising each hexagon. Fast localized motion of H atoms
within hexagons has been observed in several nonstoichio-
metric Laves phase compounds.13–16 However, Pr2Fe17H5 is
qualitatively different from these nonstoichiometric hydrides
because of the high population of two H atoms per hexagon.
In this case, the repulsive interaction may be expected to
block the hydrogen hopping. We used vibrational neutron
spectroscopy and quasielastic neutron scattering to assess the
dynamics of hydrogen in Pr2Fe17H5. Thanks to a very large
neutron incoherent scattering cross section of hydrogen, neu-
tron scattering is ideally suited to probe the dynamics of
hydrogen motion. The results of our quasielastic neutron
scattering(QENS) experiments demonstrate that hydrogen
atoms in Pr2Fe17H5 perform jumps between the available tet-
rahedral sites in spite of the presence of two hydrogen atoms
per hexagon. The temperature dependence of the time be-

FIG. 1. Arrays of hexagons formed by the tetrahedral sites in the
basal plane of Pr2Fe17H5. Two hydrogen atoms occupy a hexagon in
Pr2Fe17H5, whereas in Pr2Fe17H3 the hexagons are empty.
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tween jumps exhibits an Arrhenius-type behavior with an
activation energy of 0.14 eV. The hydrogen atoms in the
octahedral sites appear immobile on the timescale of the
QENS measurements.

II. EXPERIMENT

The synthesis procedure for Pr2Fe17 samples has been de-
scribed elsewhere.7,17,18 Hydrogen was loaded by means of
gas absorption. Neutron scattering experiments were carried
out at the NIST Center for Neutron Research. Vibrational
spectroscopy measurements were performed with the filter-
analyzer neutron spectrometer19 using the Cus220d mono-
chromator and horizontal collimations of 20 and 40 min of
arc before and after the monochromator, respectively. QENS
measurements were performed with the high-flux back-
scattering spectrometer20 (HFBS) and the time-of-flight disc
chopper spectrometer21 (DCS). The HFBS provides<1 meV
energy resolution at a fixed final wavelength of 6.27 Å,
while a variation of the incident wavelength is achieved by
means of using a Sis111d monochromator mounted on a me-
chanical Doppler drive. With a fixed final wavelength, the
values of the scattering momentum transferQ are then de-
fined by the detector positions. For the DCS measurement,
we used a wavelength of 5 Å. At this incident wavelength,
the intermediate-resolution operation mode of the instrument
provides an energy resolution of about 63meV [full width at
half maximum(FWHM)], as measured with the sample at
30 K. To improve the statistics for data analysis, the data
covering the range of the scattering vectors 0.70 Å−1,Q
,2.20 Å−1 (at the elastic channel) have been summed and
rearranged to yield 13 spectra with constant-energy binning
of the data points for the energy range of ±600meV. For all
neutron measurements, the sample was placed in an annular
Al sample holder in a He atmosphere, sealed with an indium
o-ring, and mounted onto a closed-cycle refrigerator. The
thickness of the container was chosen to ensure 90% neutron
transmission through the sample and thus minimize multiple
scattering. The temperature of the refrigerator was controlled
within ±1 K. The data were collected at 390 and 30 K with
the DCS and at 260, 240, 220, 200, and 20 K with the HFBS.
The scattering spectra measured at the lowest temperatures
were used as resolution functions. In addition, a special
fixed-window operation mode of the HFBS was used while
the sample temperature was ramped down from 300 to 5 K
at a rate of 1 K/min. In this mode, the Doppler drive is
stopped, and the elastic scattering intensity is collected as a
function of sample temperature or other time-dependent pa-
rameter. The energy resolution of the HFBS in this mode of
operation is about 0.8meV.

III. RESULTS AND DISCUSSION

Figure 2 shows the 10 K vibrational spectra for Pr2Fe17H3
and Pr2Fe17H5. While a more detailed analysis of the vibra-
tional spectra will be presented elsewhere,22 it is sufficient to
note that the spectra are consistent with the location of hy-
drogen atoms in the octahedral and tetrahedral sites previ-
ously determined by neutron diffraction.8 The two main

peaks in the Pr2Fe17H3 spectrum centered at<85.4 and
106.0 meV reflect the vibrations of the hydrogen atoms in
the octahedral sites. In Pr2Fe17H5, these peaks shift to lower
energies of<75.3 and 104.7 meV. The observed mode soft-
ening is induced by the presence of the additional H atoms in
the tetrahedral sites, and the resulting expansion of the lat-
tice. Two new peaks in the Pr2Fe17H5 spectra at<112 meV
(which appears as a shoulder of a stronger peak) and
123.7 meV are assigned to the vibrations of the hydrogen
atoms in the tetrahedral sites. Other features in the spectra
originate from optical or optoacoustic multiphonon scatter-
ing.

Figure 3 illustrates the temperature dependence of the
elastic scattering intensity for Pr2Fe17H3 and Pr2Fe17H5 ob-
tained using the fixed-window operation mode of the HFBS
as described above. The general trend for both samples is a
gradual increase of the scattering intensity as temperature is
decreased. This is due to the temperature dependence of the
Debye-Waller factor, and possibly, progressive trapping of
mobile hydrogen at low temperatures. For Pr2Fe17H5, there
exists a distinctive region below,170 K, where the elastic

FIG. 2. The neutron vibrational spectra of Pr2Fe17H3 and
Pr2Fe17H5 measured at 10 K. The resolution(FWHM) is denoted
by the horizontal bars beneath the spectra.

FIG. 3. The temperature dependence of the elastic scattering
intensity for Pr2Fe17H3 and Pr2Fe17H5 obtained using the fixed-
window operation mode of the HFBS.
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scattering intensity grows more rapidly as the temperature is
decreased. This is indicative of the fact that the dynamics of
hydrogen motion, which slows down with decreasing tem-
perature, becomes too slow for the 0.8meV resolution of the
spectrometer. This “freezing” of the hydrogen motion on the
time scale of the spectrometer increases the elastic signal. On
the other hand, there is no such change in the dynamics of
hydrogen in Pr2Fe17H3. Therefore, the quasielastic broaden-
ing in the microelectronvolt range atT.170 K can be as-
cribed to the hydrogen atoms in the tetrahedral sites, whereas
those in the octahedral sites appear immobile on the times-
cale of the spectrometers<0.8 nsd. It should be noted that
the ratio of the elastic intensities for the two samples mea-
sured atT=5 K is close to 5:3, as one expects for Pr2Fe17Hx
with x=3 and 5. The incoherent scattering crossections of Pr
and Fe are small compared to that of hydrogen.

Examples of the QENS spectra obtained with the time-of-
flight and backscattering spectrometers are shown in Fig. 4.
The low-temperature data showing no quasielastic signal are
used as the resolution functions. As shown in Fig. 1, the
tetrahedral sites in the basal plane normal to thec axis form
the arrays of isolated hexagons with a side dimension of
<1.16 Å. The distance between the centers of the hexagons
equals thea lattice constant(<8.70 Å at 300 K). Because
hopping between well-separated hexagons is unlikely, we fit
the QENS data with a model scattering function describing a
hopping between the six sites of an isolated hexagon. The
model from Ref. 23 describing the hopping between six sites
on a circle of radiusr was modified to allow for the fact that:
(i) all three hydrogen atoms per formula unit in the octahe-
dral sites are immobile and(ii ) even a fraction of the hydro-
gen atoms in the tetrahedral sites is immobile. A temperature-

dependent parameterpsTd is commonly used to denote the
fraction of mobile hydrogen atoms in hydrides.13–16 In addi-
tion to the hydrogen atoms in the octahedral sites, the frac-
tion of immobile hydrogen in the tetrahedral sites, 1−psTd,
contributes to the elastic line. It is suggested that in nonsto-
ichiometric hydrides, H-H interactions may result in the for-
mation of locally ordered atomic configurations, the destruc-
tion of which at higher temperatures leads to an increase of
psTd.13–16 In stoichiometric hydrides such as Pr2Fe17H5,
some H atoms at the tetrahedral sites may be trapped, for
example, by antisite defects in the host lattice. The resulting
model scattering function is given by
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When fitting to the data, the model scattering function Eq.
(1) was convolved with the instrument resolution function.
We used a fixed value ofr =1.16 Å since, for six equidistant
sites on a circle, the distance between two neighboring sites
is equal to the circle radius. The fitting parameters werepsTd
andt.

Prior to modeling with the scattering function Eqs.
(1)–(8), we used a simplified scattering function

SincsQ,Ed = AsQddsEd + f1 − AsQdg
1

p

G

E2 + G2 s9d

convolved with the resolution function to fit the data. Then,
the parameterAsQd extracted from the fit that represents the

FIG. 4. Examples of QENS spectra obtained with the time-of-
flight sl=5 Åd and backscatteringsl=6.27 Åd spectrometers. The
low-temperature data represent the resolution functions.
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Q dependence of the fraction of the elastic scattering was
fitted with the term in the first brackets in Eq.(1). A fixed
value of r =1.16 Å was used, whilepsTd was the fitting pa-
rameter. The result of this fit for the 390 K data collected
using a wavelength of 5 Å, which enables a widerQ range
compared to the rest of the data, is shown in Fig. 5. The
reasonable agreement is suggestive of the appropriateness of
the six-site jump model for describing the observed dynam-
ics. The points at the lowestQ values exhibit the strongest
deviation from the model, likely because of multiple scatter-
ing effects, which predominantly affect data at lowQ.23,24

Figures 6 and 7 demonstrate the parameters obtained us-
ing the rigorous model described by Eqs.(1)–(8). The tem-
perature dependence of the mobile fraction of hydrogen at-
oms in the tetrahedral sites is presented in Fig. 6. As
expected,psTd increases with temperature. The absolute val-
ues ofpsTd exceed those observed at similar temperatures for
nonstoichiometric hydrides such as TaV2H0.6, TaV2H1.1,

13

ZrMo2H0.3, ZrMo2H0.92,
15 and HfMo2H0.26.

16 We attempted
to fit psTd with the expression25

psTd =
g1 exps− DE/kBTd

1 + g1 exps− DE/kBTd
, s10d

whereDE is the energy difference between static and mobile
H states, andg1 is the relative degeneracy factor. These at-
tempts were unsuccessful until we excluded theT=200 K
temperature point. Then we were able to obtain a fit as
shown in Fig. 6 by the dashed line with the fit parameters
DE=48.2 meV andg1=25.7. However, a better fit for all
measured temperature points could be obtained using a linear
temperature dependence ofpsTd. A linear dependence of
psTd was observed in the aforementioned nonstoichiometric
hydrides,13–16 and was ascribed to a spread in local H con-
figurations, which is associated with a nearly uniform distri-
bution of DE at low DE. Yet, for a stoichiometric hydride
such as Pr2Fe17H5, a linear temperature dependence ofpsTd
seems more difficult to explain.

The temperature dependence of the residence time be-
tween jumps shown in Fig. 7 demonstrates an Arrhenius-type
behavior, t=t0 expsEA/kBTd, with t0=0.06 ps and
EA=0.14 eV. It has been suggested previously using Möss-
bauer spectroscopy7 that two hydrogen atoms occupying the
tetrahedral sites in Pr2Fe17H5 jump rapidly between available
sites at and above 155 K on the Mössbauer timescale of
100 ns. Between 155 and 85 K, the hydrogen jumping
ceased.7 Using the activation energy of 0.14 eV and the pre-
exponential factor of 0.06 ps, one findsts85 Kd=1.18
3104 ns andts155 Kd=2.1 ns, in agreement with the results
obtained by Mössbauer spectroscopy. One can also estimate
that atT<170 K, the time between jumpst=820 ps, which
corresponds to the HFBS resolution of 0.8meV in the fixed-
window operation mode. As explained above, on cooling
down, this temperature marks an onset of a more rapid
growth of “elastic” intensity, when the spectrometer resolu-
tion becomes insufficient to separate the QENS signal from
the truly elastic scattering.

It should be noted that hopping of hydrogen in the pres-
ence of two H atoms per hexagon needs to be correlated in
order to satisfy the Switendick criterion of the minimum
H-H separation.10 As mentioned above, all but the opposite
vertices of a hexagon with a side dimension of 1.16 Å are

FIG. 5. The fraction of the elastic scattering obtained asAsQd in
Eq. (9) and its fitting with the expressionAsQd= 3

5 + 2
5f1−psTdg

+ 2
5psTd 1

6f1+2j0sQrd+2j0sQrÎ3d+ j0s2Qrdg using a fixed r of
1.16 Å.

FIG. 6. The temperature dependence ofpsTd (the mobile frac-
tion of hydrogen atoms in the tetrahedral sites) fit with Eq. (10)
(dashed line) and with a linear temperature function(solid line).

FIG. 7. The temperature dependence of the residence time be-
tween jumps fit with an Arrhenius law.
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too close to accommodate a pair of hydrogen atoms sepa-
rated by no less than 2.1 Å. With a strong H-H repulsive
interaction, only the simultaneous jumps of two atoms in the
same direction should be possible. The scattering law for
such a completely correlated motion of a pair of H atoms is
identical to that for a single jumping atom(as in the case of
a dumbbell molecule).

IV. CONCLUSION

In Pr2Fe17H5, three hydrogen atoms per formula unit fully
occupy the 9e distorted octahedral sites of the host metal
lattice, while two hydrogen atoms per formula unit fill one
third of the 18g tetrahedral sites. The hydrogen atoms in the
octahedral sites are immobile on the time scale of the QENS
measurements, while those in the tetrahedral sites perform
jumps between such sites that constitute arrays of isolated
hexagons in the basal plane. The residence time of H atoms
between jumps shows an Arrhenius-type temperature depen-
dence,tspsd=0.063expsEA/kBTd, with an activation energy
of 0.14 eV. The dynamics of hydrogen motion is thus ob-
servable down toT<170 K in a QENS experiment with a

0.8 meV resolution. The hydrogen jump dynamics is also in
agreement with previous results of Mössbauer spectroscopy7

on the timescale of 100 ns. While fast localized motion of H
atoms within hexagons has been observed in nonstoichiomet-
ric hydrides with less than one atom per hexagon,13–16 the
high population of two H atoms per hexagon in Pr2Fe17H5
might be expected to suppress the hydrogen hopping because
of the strong repulsive interaction. To reconcile the dynamics
of hydrogen observed in this work with the Switendick cri-
terion of minimal hydrogen separation distance in metals,10

one needs to assume that the jumps of the paired H atoms are
correlated, that is, only the simultaneous jumps of two atoms
in the same direction are possible.
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